The synthesis, structure, and solution chemistry of two tricarbonylrhenium(I) complexes of bis(1-methylthioimidazolyl)methane have been studied. The bromotricarbonylrhenium(I) complex was found by NMR and voltammetry to partially ioinize on dissolution in CH3CN; this behavior is not observed in acetone or CH2Cl2. The stereochemical nonrigidity of the complexes involving conformational changes in the eight-member chelate rings was also studied.
Introduction
There is a great deal of interest in the coordination chemistry of the tricarbonylrhenium(I) moiety because of its applications in both materials 1 and biomedical 2 research. One of the attractive features of tricarbonylrhenium complexes in such applications is the generally inert nature of the metal−ligand bonds that usually gives rise to reliable, simple synthetic protocols and straightforward characterizations. We recently reported 3 on the synthesis and electrochemical properties of CH2(S-tim)2 (tim = 1-methylthioimidazolyl), a compound that contains electroactive, heterocyclic thioimidazoline ring systems but for which little is known about its coordination chemistry. 4, 5 The free ligand exhibits two one-electron oxidations (as determined by a combination of voltammetry and redox titrations), but the voltammograms were reminiscent of ECE-type behavior and, unfortunately, the nature of the oxidized products remains unclear. We therefore embarked on studies in the coordination chemistry of this ligand with the intention of finding systems that will allow for the unequivocal elucidation of the unusual electrochemical behavior of the ligand. The tricarbonylrhenium(I) complex appeared well-suited for such a study because of its anticipated inert nature and the metal's well-known electrochemical behavior. However, during the course of this study we discovered that the rhenium complexes of this ligand displayed unexpected reactivity that may prove useful to others in the future design of ligands for the tricarbonylrhenium moiety.
Experimental Section
Solvents were dried and distilled prior to use except where indicated. The syntheses of the rhenium complexes were carried out under an argon atmosphere using standard Schlenk techniques. Literature procedures were used to prepare Re(CO)5Br, 6 Re(CO)3Br(X2-bpy) (X = H, Me), 7 CH2(S-tim)2, 3 and {Ag2[CH2(S-tim)2]2}(PF6)2. 5 Elemental analysis was performed by Midwest Microlab Inc., Indianapolis, IN. Melting point determinations were made on samples contained in glass capillaries using an Electrothermal 9100 apparatus and are uncorrected.
Infrared spectra were recorded on a Nicolet Magna-IR 560 spectrometer. 1 H and 13 C NMR spectra were recorded on a Varian 300 MHz spectrometer. Chemical shifts were referenced to solvent resonances at δH = 1.94 and δC = 118.9 for CD3CN. Absorption measurements were recorded on an Agilent 8453 spectrometer. Electrochemical measurements were collected with a BAS CV-50V instrument for ca. 0.2 mM CH3CN solutions of the complexes, with 0.25 M NBu4PF6as the supporting electrolyte, in a three-electrode cell composed of a Ag/AgCl electrode, a platinum working electrode, and a glassy carbon counter electrode. Mass spectrometric measurements recorded in ESI(+) mode were obtained on a Micromass Q-Tof spectrometer.
Re(CO)3Br[CH2(S-tim)2] (1).
A mixture of 0.340 g (0.836 mmol) of Re(CO)5Br and 0.201 g (1.30 mmol) of CH2(S-tim)2 in 20 mL of toluene was heated at reflux 12 h. After the mixture was cooled to room temperature, the precipitate was collected by filtration washed with two 5 mL portions of Et2O and vacuum dried to give 0.435 g (99% yield) of analytically pure 1 as a colorless powder. mp: 233 °C (dec) gray-brown solid. Anal. Calcd (obsd): C, 24.41 (24.48); H, at reflux for 4 h; then, the solution was filtered through Celite, and the solvent was removed to leave crude 2 as a glassy solid. After it was washed with two 10 mL portions of Et2O and vacuum dried, the resulting material was recrystallized by layering Et2O onto concentrated acetonitrile solutions and allowing the solvents to slowly diffuse over 2 days. The mother liquor was decanted and the residue was vacuum dried to produce 0.170 g (94%) of analytically pure 2 as colorless plates. Method B. A mixture of 0.236 g (0.400 mmol) of 1 and 0.101 g (0.400 mmol) of AgPF6 in 15 mL of CH3CN was heated at reflux for 12 h. After the mixture was filtered and the solvent was removed by vacuum distillation, the residue was washed with two 5 mL portions of Et2O and dried under vacuum to leave 0.235 g (84%) of 2 as a colorless powder whose characterization data were identical to that of the crystals obtained above. mp: 3 .72 (br, s, 6H, NCH3), 2.14 (br, s, 3H, CCH3). 13 (2) were measured at 100(2) K on a Bruker SMART diffractometer equipped with an APEX2 CCD-based detector for the data collection of 2. Both experiments used monochromatic Mo Kα radiation, λ = 0.71073 Å. 8 Raw data frame integration and Lp corrections were performed with SAINT+. 8 Final unit cell parameters were determined by least-squares refinement of 6976 reflections from the data set of 1 and of the strongest 7600 reflections from the data set of 2, each with I > 5σ(I). The analysis of the data showed negligible crystal decay during collection.
The data were corrected for absorption effects with SADABS. 8 Subsequently, these occupancies were fixed at 0.5 for the final refinement cycles. Refinement in P6 with the 2-fold axis removed resulted in the same Br/CO disorder with one complete molecule per asymmetric unit. Since the disorder is still observed in the lower space group P6, it is not imposed by the 2-fold axes present in the higher space group P622, and therefore, P622 was retained as the better space group choice. Careful examination of the intensity data showed no evidence of a larger unit cell which might resolve the disorder. All non-hydrogen atoms were refined with anisotropic displacement parameters except C22 and O22 (isotropic). Hydrogen atoms were placed in geometrically idealized positions and included as riding atoms. {Re(CO)3(CH3CN)[CH2(S-tim)2]}(PF6) (2) crystallizes in the orthorhombic system. Space group Pbca was unequivocally assigned from systematic absences. The molecule is positioned in a general symmetry position and was refined in anisotropic approximation for all non-hydrogen atoms. The positions of the hydrogen atoms were determined from a series of difference Fourier syntheses and refined with isotropic approximation. 
Results and Discussion

Synthesis. Re(CO)3Br[CH2(S-tim)2] (1) and {Re(CO)3(CH3CN)[CH2(S-tim)2]}(PF6) (2) were
prepared in high yields (>80%) according to Scheme 1. Compound 2 (prepared by two different routes) was originally synthesized with the intention of comparing its spectroscopic and electrochemical properties with its charge-neutral counterpart and was later found to be critical for understanding the complex solution behavior of 1. For this purpose, the silver complex in the bottom left of Scheme 1, which has been described previously, 5 was found to be a convenient reagent for a one-step high yielding (94%) synthesis of 2 from ReCO5Br.
Both 1 and 2 are air-and light-stable colorless solids that are soluble in DMSO, DMF, and acetonitrile, slightly soluble in acetone, THF, or CH2Cl2, and insoluble in Et2O or hydrocarbon solvents.
Scheme 1. Preparation of Rhenium Derivatives
IR Spectra. The solid-state IR spectra of 1 and 2 each showed three CO stretching bands expected for fac-rhenium complexes with local Cs symmetry. 10,11 A summary of the CO stretching frequencies for derivatives with Re(CO)3(Br or CH3CN)(N,N-chelate) cores is given in Table 2 . As expected, the electron-poor cationic derivative 2 is less capable of participating in back-bonding interactions and, thus, has higher carbonyl stretching frequencies than its charge-neutral counterpart 1. This is also observed when the carbonyl stretching frequencies To facilitate the discussion of the NMR spectra of Re(CO)3Br[CH2(S-tim)2] (1) and {Re(CO)3(CH3CN)[CH2(S-tim)2]}(PF6) (2), it will be useful to examine the expected NMR spectra of the possible isomers of these species in more detail. After possible interchanges of bromine (or acetonitrile in the case of 2) and the axial carbonyl groups on rhenium, as well as what is known for other semirigid eight-member ring systems, such as cis,cis-1,4-cyclooctadiene, 15 its dibenzo analogue, 16 or its heteroatomic dibenzo derivatives (I−III, respectively, Figure 2 ), 17 are considered, it can be shown that there are seven possible conformers of the ReN2C2S2C ring in either 1 or 2 leading to a total of 10 isomers (including optical isomers), as
shown for 1 in Figure 3 . The relative stabilities of the various possible conformers were probed via the evaluation of the AM1 geometry-optimized structures calculated using the SPARTAN 24 molecular modeling program. While such models may be of limited value, certain qualitative features concerning factors responsible for the relative stabilities of the conformers become apparent, thereby allowing us to make more confident, yet still tentative, assignments for the two species responsible for the complicated NMR spectrum of 1 and 2 in acetone or CD2Cl2 (vide infra). Gratifyingly, similar to the NMR spectral data, the calculations yield two (nearly isoergonic) low-energy conformers that can be distinguished from the remaining five conformers. These two low-energy conformers were the twist-boat (with C1 symmetry) as found in the solid-state structure and the Cs-symmetric boat-chair with the CO oriented toward sulfurs. The remaining conformers could be differentiated in energy by consideration of the steric interactions between the sulfur atoms of the chelate ring and rhenium−bromide moiety: the more sulfur−bromine interactions, the higher in energy is the conformer. For instance,
the Cs-symmetric boat-chair with bromine oriented toward the sulfurs is about 7 kcal/mol higher in energy than the other boat-chair. Also, because of considerable ring strain, the Cssymmetric boat-boat conformers are about 25 kcal/mol higher in energy than the Cs-symmetric boat-chairs. Similar observations are obtained in the case where acetonitrile replaces bromine, as in 2; however, the differences in energy between conformers were smaller presumably because of the lower steric demand of an acetonitrile versus a bromide. Thus, we interpret the complicated NMR spectra of 1 and 2 (in acetone or CD2Cl2) to result from a mixture of the twist-boat (with C1 symmetry) and the Cs-symmetric boat-chair conformers with the CO oriented toward sulfurs. Since the experimental NMR spectra can be satisfactorily interpreted to be the result of the presence of twist-boat and boat-chair (with CO oriented toward the sulfurs) conformers, the remainder of the discussion will be limited to these two cases. From 18 That is, these interactions rapidly decrease with increasing distance (E is proportional to r -3 ) giving the relative order of impact: proximal thioimidazolyls > distal thioimidazolyls > N-methyls ≥ CH2's. Thus, the downfield-most thioimidazolyl hydrogen resonances that correspond to those hydrogens closest to the metal center are expected to be most affected by changes in the environment surrounding rhenium.
In the C1-symmetric twist-boat conformer of 1, the proximal hydrogens are nearest in space to the equatorial carbonyls (Figure 4 left), but one hydrogen is oriented toward the axial bromide and the other hydrogen toward the axial carbonyl, thereby differentiating these two hydrogens.
As was seen in related systems, 13 weak CH···Br hydrogen bonding interactions tend to result in downfield shifts in hydrogen resonances. In the twist-boat conformer of 1, the H···Br distance is fairly long at 3.1 Å (from the X-ray structure), and because of the presumably weak nature of this CH···Br interaction, only a small splitting of proximal thioimidazolyl hydrogen resonances is expected. In the boat-chair conformer with the axial CO oriented toward the sulfurs, the thioimidazolyl hydrogens proximal to rhenium are equivalent but are now nearest to the axial bromide on rhenium (rather than the equatorial CO ligands as in the twist-boat). In this low-energy conformer, the thioimidazolyl hydrogens are now only ca. 2.5 Å from the bromide (from the energy-minimized calculated structure); thus, a large downfield shift is sulfurs as from the earlier discussion. Also, on first inspection, the methylene resonance of the twist-boat conformer of 2 at room temperature appears to be a singlet, but the variabletemperature studies confirm that this is actually an AB multiplet. The intensity of the outer lines of an AB spectrum, I, from theory can be calculated from I = 1 18, 19 where JAB is the geminal coupling constant and Δν is the When solutions of either 1 or 2 are warmed to room temperature and above, the various resonances for the twist-boat conformer broaden and coalesce between 293 and 303 K for 1 and between 303 and 308 K for 2. At higher temperatures, the resonances for the boatchair conformer broaden into the baseline and are no longer observed above 323 K. These results are interpreted by consideration of the two independent processes that interconvert twist-boat isomers: a low-energy twist-boat to twist-boat conversion and a higher but energetically accessible twist-boat to boat-chair to twist-boat conversion, as shown in the bottom portion of Figure 3 . It should be noted that, similar to that found in the organic ring systems described earlier, the symmetric boat-chair isomers are more conformationally rigid than the twist-boat conformers. An examination of the CPK models supports the plausibility of a dual-pathway dynamic process, as it is found that simple torsion about the sulfur−methylene carbon bonds is sufficient to interconvert between two mirror-image twist-boat conformations, whereas a ring-flipping, in addition to bond torsion, is necessary to obtain the boat-chair conformer. From the relative integrations of resonances, it was found that the twist-boat is favored over the boat-chair by about 16:1 and 9:1 for 1 and 2, respectively, at 293 K in all solvents tested (CD2Cl2 for 1; acetone and CH3CN for 1 and 2). This equilibrium distribution corresponds to free-energy differences of about 1. whereas it is irreversible in 1.
The second most intense oxidation wave for intact Re(CO)3Br[CH2(S-tim)2] (1) in CH3CN at +1.53 V is assigned to a one-electron ligand oxidation. This assignment is made by comparison with the potentials found in the free ligand (+1.2 V) and its silver complexes (+1.5 V). 3, 5 Complexation to the electron-withdrawing bromotricarbonylrhenium moiety makes the ligand oxidation more difficult by 0.3 V, similar to the effect caused by complexation to silver(I) cations. In the case of 2, the expected increased difficulty for the formation of a tricationic species (after the first metal oxidation of monocationic 2 + to give dicationic 2 2+ , followed by ligand oxidation to give 2 3+ ) likely renders the first ligand oxidation so unfavorable as to be outside of the solvent potential window.
The nature of the reduction waves below −2.0 V versus Ag/AgCl for 1 and 2 is ambiguous as to whether these are metal-or ligand-based, however, it is clear from the right side of Figure 7 that the reduction wave for the cation in 2 is present in the voltammogram of pure 1 dissolved in CH3CN. In terms of potential assignment of these waves, we favor ligand-centered reductions because the related purely organic dicationic derivative {CH2(μ-tim)2CH2]}(PF6)2 showed an irreversible cathodic reduction wave at −1.2 V versus Ag/AgCl measured under similar conditions, 3 therefore, a monocationic derivative is expected to have a reduction at more negative potential. As testament to the difficulty in this assignment, the voltammograms of Re(CO)3(CH3CN)2Br 22 gives an irreversible cathodic reduction wave at −2.41 V (in addition to a metal centered oxidation at +1.91 V versus Ag/AgCl in CH3CN); however, as this potential approaches the solvent limit in our experiments, it is unclear as to whether this wave may be caused by reduction of the coordinated acetonitrile or reduction of the Re + center. It should be noted that, if the Re 3+ , Re 2+ , Re 1+ , and Re 0 oxidation states for a given ligand system can be accessed, these redox couples (in nonaqueous environments) are usually each only separated by a approximately 1 V, much smaller than the potential separations in all of the above cases. 23 
